The concise synthesis of the lichen-derived antitumor agent hybocarpone (1) and its analogs is described. A new synthetic approach is based on the direct oxidative dimerization of the available naphthazarin precursors in the formation of the binaphtho[2,3-b; 2,3-d]furantetraone structure. It was shown that the first step to tetrahydrofuran features is the bridging hindered S*,S* and R*,S* carbon-carbon bonds of the molecules, setting the relative configurations of the 5aS*,6aS*,12aS*,12bS* and 5aS*,6aR*,12aR*,12bS* diastereomers.
Hybocarpone (1) is a naturally occurring, pentacyclic, naphthazarinderived dimer which was isolated from the lichen Lecanora hybocarpa [1] . The binaphtho[2,3-b; 2,3-d]furantetraone carbon skeleton of hybocarpone is highly unusual and has not previously been observed in nature. This compound was found to possess potent cytotoxicity against the murine mastocytoma P815 cell line, yielding an IC 50 value of 0.5 g/mL. Plants, lichens, and marine invertebrates are reported to produce naphthazarin monomers with structures related to that of hybocarpone (1) [2] [3] [4] ; boryquinone (2) [5] and methylcristazarin (3) [6] are examples of them ( Figure 1 ). The only known total synthesis of hybocarpone involves two key synthetic steps: the formation of the bicyclic core from substituted benzaldehyde (4) and the oxidative dimerization of the 2-hydroxy-1,4-naphthoquinone (5) (Figure 2) [7, 8] . More recently, another route to substituted 1,4-naphthoquinone (5) from trimethyl ether 6 was proposed [9, 10] . These approaches involve the multistep synthesis of the substituted -tetralones or naphthalene precursors. In this paper we report on the concise synthesis of hybocarpone (1) and its analogs. Our synthetic approach to hybocarpone differ significantly from that described by Nicolaou [7, 8] and Elix [9, 10] .
We have explored the utility of the direct oxidative dimerization of the available naphthazarin (5,8-dihydroxy-1,4-naphthoquinone) precursors in the synthesis of the binaphtho [2,3- 
We proceeded to investigate the dimerization of hydroxynaphthazarin (7) via a radical based pathway to the binaphtho[2,3-b; 2,3-d]furantetraonе carbon skeleton of hybocarpone (1) . Attempts to construct the above mentioned skeleton by the action of cerium ammonium nitrate in MeCN [7, 8] led to degradation of the starting structure 7. Upon screening a number of reagents and conditions, success was finally found in the use of Pb(OAc) 4 as an oxidant in aprotic media (benzene).
Oxidative coupling of hydroxynaphthazarin (7) on treatment with Pb(OAc) 4 in benzene gave two compounds in a ratio of ca. 1:1. One of them exhibited a simple 1 H NMR spectrum reminiscent of that of 1, and judging from the spectral data, was binaphtho[2,3-b; 2,3-d]furantetraone (8a) ( Figure 3 ). So, the upfield 1 H NMR signals of the ethyl group protons and 13 C NMR signals of carbon atoms of the tetrahydrofuran ring of 8a were in very good agreement with the corresponding signals of hybocarpone (1) ( Table 1 ).
Figure 3:
The products of the oxidative coupling of hydroxynaphthazarin 7 (8a and 9a), methylcristazarin (3) (dimethyl ethers 8b and 9b) and, following hydrolysis, hybocarpone (1) and its 6aR*,12aR*-diastereoisomer (9c).
The other isomeric biquinone exhibits the correct mass (by mass spectrometry), and simple 1 H and 13 C NMR spectra, but the upfield signals of the ethyl group protons and carbon atoms of the tetrahydrofuran ring of that compound do not fit those of 8a and 1. The crystallization of this biquinone from hexane-acetone afforded crystals that were suitable for single-crystal X-ray diffraction. The molecular structure of the product obtained (9a) is shown in Figure  4 (see Table 1 ). The optimized geometry of 9a by the B3LYP/6-311G(d) method is in a good agreement with this result [11, 12] . Although the yield of pentacycles 8a and 9a was rather low (combined 18.5% in the best run), the majority of the starting monomer 7 was recovered unchanged by chromatography. 13 C NMR spectra of hybocarpone (1) [1] and compounds 8a,b, and 9a-c in CDCl 3 (the region of tetrahydrofuran ring). * 13 C NMR spectrum was obtained using CD 3 OD as the solvent. Thus, the oxidative coupling of hydroxynaphthazarin (7) , on treatment with Pb(OAc) 4 in benzene, gave the diastereomeric mixture of 5aS*,6aS*,12aS*,12bS* (8a) and 5aS*,6aR*,12aR*,12bS* (9a), analogs of hybocarpone (1) . The ratio of the arising compounds 8a and 9a (1:1) was determined by the equally possible formation of the intermediary S*S* (10) and R*S* (11) diastereomers (Scheme 1). So, according to the quantum chemical calculation, the difference between Gibbs energy of diastereomers 10 and 11 is less than 0.4 kcal/mol. The hydration/cyclization of intermediary S*S* (10) and R*S* (11) diastereomers would potentially lead to the formation of up to six diastereomeric furan systems arranged in two rows of three ( Figure  5 ). Molecular modeling and computational studies indicated that, among the diastereoisomeric compounds in each row (see the structures in Figure 5 ), the isomers 8a and 9a appeared to be clearly favored in terms of relative Gibbs energy [11, 12] . Since the calculated energy differences among compounds in each row are large (more than 10 kcal/mol), and because the central dihydroxyfuran systems of them can exist in equilibrium with their open chain counterparts, diastereoisomers 8a and 9a are the only imaginable products in this reaction.
These observations were used as the basis for the synthesis of hybocarpone (1) . It is known that naphthazarins in solution undergo rather rapid prototropic tautomerism [13] [14] [15] . Owing to boryquinone (2) , which is directly related to hybocarpone, in solutions existing as a mixture of 1,4-naphthoquinonoid tautomers Q and H, the outcome of its oxidative dimerization is ambiguous (Scheme 2). Therefore, methylcristazarin (3) is a more available substrate for this purpose. As in the case of 7, the oxidative coupling of hydroxynaphthazarin (3), on treatment with Pb(OAc) 4 in benzene, gave two products. One of them, according to the spectral data, was Scheme 1: The formation of a diastereomeric mixture of the 5aS*,6aS*,12aS*,12bS* (8a) and 5aS*,6aR*,12aR*,12bS* (9a) analogs of hybocarpone (1).
Figure 5:
Calculated relative Gibbs energy of the possible dihydrobinaphthofurantetraones 8a, 8a, 8a derived from the S*,S*-diastereoisomer 10 and 9a, 9a, 9a derived from the R*,S*-diastereoisomer 11 [11, 12] . (Values of the calculated energy of hybocarpone (1) and other diastereomeric furan systems are presented in parentheses). hybocarpone dimethyl ether 8b ( Figure 3 , Table 1 ). The other product was the isomer 9b bearing a sin relationship of the two ethyl groups at the junction joining the two monomeric units.
Dimethyl ethers 8b and 9b were deprotected with AlCl 3 , and EtSH in CH 2 Cl 2 to afford 1 and 9c. Biquinones 1 and 9c were purified and fully characterized by spectroscopic means. Synthetic 1 exhibited spectral data ( 1 H and 13 C NMR, mass spectrometry) identical to those reported for natural hybocarpone [1] .
So, in the general case, 2-hydroxy-3-alkylnaphthazarins undergo oxidative dimerization on treatment with Pb(OAc) 4 in aprotic media to give diastereomeric, 5aS*,6aS*,12aS*,12bS* and 5aS*,6aR*,12aR*,12bS*, dihydrobinaphthofurantetraones in a ratio of ca. 1:1. The ratio of arising compounds is determinated by the equally possible formation of the corresponding S*,S* and R*,S* hexaketone intermediates. This approach allows the synthesis of hybocarpone and its analogs, as well as their diastereomeric 5aS*,6aR*,12aR*,12bS* analogs that extends the base for biotests.
Experimental
General: All melting points were determined with a Boetius apparatus and are uncorrected. Analytical grade solvents were used. 
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Natural Product Communications Vol. 9 (12) 2014 1767 1 H and 13 C NMR spectra were recorded on Bruker Avance-300 and Avance-700 spectrometers at 300 and 75 MHz, and 700 and 176 MHz, respectively. The chemical shifts (δ) are represented as parts per million (ppm) relative to TMS. Mass spectra were recorded using an AMD 604S spectrometer (direct sample inlet, ionizing energy of 70eV, and elevated temperature). The course of reactions, and the purity of the compounds obtained was assessed by TLC. Merck Kieselgel 60F-254 plates were preliminarily treated with 0.05 M tartaric acid in MeOH and dried at 50C for 1 h; a nhexane-acetone (3:1) mixture was used as an eluent. Preparative TLC was performed on glass plates (2020 cm) precoated with silica gel (Merck), 5-40 m, using n-hexane-acetone. The R f values were determined by subjecting all the compounds obtained to chromatography in n-hexane-acetone (3 : 1). The yields were not optimized. Starting compounds 7 [16] and 3 [17] were obtained by known procedures. Theoretical calculations were carried out at the B3LYP/6-311G(d) level of theory using the GAUSSIAN G03W program [12] .
Oxidative coupling of 3 and 7 (general procedure):
Commercially available Pb(OAc) 4 (135 mg, 0.3 mmol) was added with vigorous stirring to a solution of substrate (0.5 mmol) in benzene (5 mL). The reaction mixture was vigorously stirred at room temperature for 30 min and filtered. The filtrate was evaporated at < 60°C, the residue diluted with water (20 mL) and extracted with ethyl acetate (330 mL). The organic layer was dried (Na 2 SO 4 ), concentrated in vacuo, and the resulting residue was chromatographed in n-hexaneacetone (4 : 1).
Biquinones 8a and 9a were synthesized by the oxidative coupling of 3-ethyl-2-hydroxy-6,7-dimethylnaphthazarin (7) . The starting material 7 (69 mg, 52%) was recovered. ,6aS*,12aS*,12bS*)-12a,12b-Diethyl-1,4,5a,6a,8,11-hexahydroxy-2,3,9,10-tetramethyldinaphtho[2,3-b:  2',3'-d]furan-5,7,12,13(5aH,6aH,12aH,12bH )-tetraone (8a) was obtained as a Yellow solid, 12 mg (9%). R f 0.40 (n-hexane-acetone, 3 : 1). MP: 141-144°C. 1 (5aS*,6aR*,12aR*,12bS*)-12a,12b-Diethyl-1,4,5a,6a,8,11-hexahydroxy-2,3,9,10-tetramethyldinaphtho[2,3-b:  2',3'-d]furan-5,7,12,13(5aH,6aH,12aH,12bH )-tetraone (9a) was obtained as a Yellow solid, 12.5 mg (9.5%). R f 0.25 (n-hexane-acetone, 3 : 1). MP: 156-159°C. 1 Crystallographic data for 9a: Crystals of suitable quality for X-ray analysis were grown from n-hexane-acetone. The data collection was performed on a Bruker Smart Apex II CCD diffractometer, using graphite monochromated Mo-Kα-radiation (λ = 0.71073 Å). Crystal-to-detector distance was 40 mm. Collection and editing of data, and refinement of unit cell parameters were held in the APEX2 software packages [18] . The structure was solved by direct methods using the program SHELXTL/PC [19] . The refinement method was full-matrix least-squares based on F 2 . The main crystallographic data and structure refinement are given in Table 2 . CCDC 968323 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk). 1768 Natural Product Communications Vol. 9 (12) 2014
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Deprotection of 8b and 9b (general procedure):
The solution of substrate (11.5 mg) in dry CH 2 Cl 2 (1 mL) was added with vigorous stirring to a mixture of EtSH (1 mL), CH 2 Cl 2 (1 mL) and AlCl 3 (200 mg, 1.5 mmol) at 0C. The reaction mixture was stirred at room temperature for 10 h and evaporated in vacuo. The residue was dissolved in 5% HCl (5 mL), and the solution was extracted with ethyl acetate (3×20 mL). The organic layer was dried (Na 2 SO 4 ), concentrated in vacuo, and the resulting residue was chromatographed in n-hexane-acetone (2 : 1). ,6aS*,12aS*,12bS*)-12a,12b-Diethyl-1,3,4,5a,6a,8,9,11octahydroxy-2,10-dimethyldinaphtho[2,3-b:2',3'-d]furan-5,7,12,13(5aH,6aH,12aH,12bH) 5,7,12,13(5aH,6aH,12aH,12bH) 
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